Mat Amin A.R., Ahmad F., Abdullah K.: Discriminating sediment and clear water over coastal water using GD technique. Ekológia (Bratislava), Vol. 36, No. 1, p. 10-24, 2017. Currently two algorithms are being used routinely by the MODIS Atmosphere and Ocean Team in order to distinguish sediment influence and clear water pixels over turbid water area. These two algorithms require complicated computational analyses. In this paper, a simple algorithm based on empirical technique to detect the sediment-influenced pixels over coastal waters is proposed as an alternative to these two algorithms. This study used apparent reflectance acquired from MODIS L1B product. This algorithm is based on the gradient difference of the line connecting the 0.47-and 1.24-µm channels and 0.47-and 0.66-µm channels of a log-log graph of the apparent reflectance values against MODIS wavelengths. Over clear-water areas (deep blue sea), the 0.47-, 0.66-and 1.24-µm channels fitted very well in line with correlation R > 0.99. Over turbid waters, a substantial increase of 0.66 µm in the reflectance leads to a low correlation value. By computing the difference between the gradient of the line connecting 0.47 and 0.66 µm and the gradient of the line connecting 0.47 and 1.24 µm, the threshold to discriminate turbid and shallow coastal waters from clear-water pixels can be obtained. If the gradient difference is greater than 0, the pixels were then marked as sediment-influenced pixels. This proposed algorithm works well for MODIS Terra and Aqua sensor. The comparison of this algorithm with an established algorithm also showed a good agreement.
Introduction
The main objective of this study is to develop an alternative algorithm based on empirical technique to determine the sediment-influenced area along coastal waterlines using MODIS land channels. The distribution patterns of sediments play an important role in monitoring marine environmental changes, especially in coastal areas (Min et al., 2012) . High concentration of suspended sediments along coastal waters and estuaries could affect the water columns and benthic processes (Miller, McKee, 2004) and will also reduce the underwater vertical transmit-tance and phytoplankton productivity (May et al., 2003) . Suspended sediments may also affect the nutrient dynamics (Mayer et al., 1998) and pollutant movement (Olsen et al., 1982) . Over very high turbid water region such as Gulf of Martaban, the edge of the highly turbid zone found that mostly, the influence by the sediment could migrate back and forth with every tidal cycle by about 150 km (Ramaswamy et al., 2004) . In order to study about the tidal or sea current influence on the sediment distribution and dispersal, the exact sediment location should be determined. Owing to the dynamic movement of the sediment influence zone, it is impossible to monitor this movement by using traditional ways such as water sampling. Alternatively, the daily sediment influence region is mapped and then compared. This goal can be achieved by exactly mapping and locating the spatial and temporal sediment distribution.
Numbers of studies have been conducted over water regions in order (Miller, McKee, 2004 ) to clearly distinguish sediment-influenced areas and clear-water areas and also to improve the atmospheric correction algorithm over water regions. Li et al. (2003) have developed an algorithm based on the empirical technique to detect the sediment-dominated waters by using MODIS Terra measurements at the visible and near-infrared (NIR) wavelengths. This developed algorithm used a regression technique (hereafter denoted as RT) that involves linear regression between the log of apparent reflectance (r[l] ) and the log of wavelength (l) at 0.47, 1.24, 1.64 and 2.13 µm, respectively. This algorithm is currently being used as a routine in the MODIS Atmosphere Team to mask the sediment-influenced pixels over turbid coastal water (Levy et al., 2009) . In order to remove the effect of sediments in the SeaWiFS imagery to improve chlorophyll product, Figueras et al. (2004) have proposed an algorithm that is based on a null point at 497 nm (corresponding to SeaWiFS band 4, cantered at 510 nm), where the level of reflectance is not affected by a change in chlorophyll concentration. Shi and Wang (2007) used the combinations of MODIS Aqua measured radiances at the short visible, NIR and shortwave infrared (SWIR) bands to detect the sediment-influenced area over MODIS imagery. Turbid water indexes (T ind ) of 748 and 1,240 nm have been proposed. This algorithm currently is used in the SeaWiFS Data Analysis System (SeaDAS). However, Morel and Belanger (2006) have refined the scheme using the normalised water-leaving radiance (nLw[λ] ) threshold value at the green band for turbid water detection. Recently, Matsushita et al. (2012) have proposed a new method to distinguish Case 1 and Case 2 waters over ocean regions. The method uses remotesensing reflectance (R rs ) of 412 and 443 nm, respectively.
The above discussion shows that several algorithms have been used to discriminate turbid and clear waters in remote sensing images. However, the proposed algorithms are computationally complex. In order to reduce the processing step and simplify the computation, a new and simple algorithm based on the empirical technique to detect and map the sediment-influenced pixels in the MODIS imagery along coastal water is proposed. The same MODIS product (L1B) is used in the development of RT and normalised difference vegetation index (NDVI) algorithms. Although the RT algorithm did not use atmospheric corrected product, the algorithms have found to be very effective to discriminate sediment and clear water over ocean region. The proposed algorithm is based on the difference in the gradient of the line connecting the 0.47-and 1.24-μm (0.47:1.24) channels and the 0.47-and 0.66-μm (0.47:0.66) channels of a log-log graph of the reflectance values against their MODIS Terra wavelengths. By subtracting the gradient of the line connecting 0.47 and 0.66 μm from the gradient of the line connecting 0.47 and 1.24 μm, the threshold value to discriminate turbid and shallow coastal waters from clear water pixels can be obtained. The results of this algorithm are then evaluated by comparing each masked area with the corresponding masks generated by using another established technique.
Data and study area
This algorithm used spectral reflectance acquired from MODIS L1B data. This product is used as a main data. MODIS L1B is calibrated reflectance product provided by the MODIS Characterisation Support Team (MCST). The spectral 'reflectance' (r l ) is defined as a function of the measured spectral radiance (L λ ), the solar zenith angle (θ 0 ) and the solar irradiance (F 0 ) in the wavelength band λ (Levy et al., 2009) :
The data is downloaded from MODIS Level 1 and Atmosphere Archive and Distribution System (LAADS) website. This data is used to develop the Gradient Different -GD, RT and T ind algorithms. There were two types of MODIS L1B data used in this study. The two data, MOD021KM and MYD021KM, are used to derive an algorithm for Terra and Aqua sensor, respectively. Another data called geolocation product (MOD03) is used as a supplementary data to the T ind algorithm.
Numbers of data have been tested during this study. However, in this paper, only four images are used as examples to represent the ability of the algorithm. The study has been conducted over numerous MODIS datasets acquired from different geographical region. Images used in this study was well selected to ensure that all parameter especially sediment are available in the images. The areas have been chosen because numbers of researcher have used them as their areas of study.
Development of the empirical algorithm and methodology

Development of the Empirical Algorithm
In this study, a true colour image (red: 0.66 µm, green: 0.55 µm, blue: 0.47 µm) of a MODIS Terra scene acquired over the east coastal area of China at UTC 02:45 on 9 February 2004, as shown in Fig. 1 , is used as a training field.
Based on the visual inspection, areas A-F are less turbid and referred to as clear water areas. Areas G-J are visually turbid water areas with significant suspended sediments. Aerosol concentration over the training area is obtained by comparing this image with the aerosol optical depth (AOD) map acquired from MODIS aerosol product (MOD04). According to the MOD04 product, the AOD for point A−F is 0.144, 0.170, 0.231, 0.234, 0.444 and 0.883, respectively. However, no AOD value is obtained over point G−I. In the MOD04 product, these points are masked because of the presence of sediment.
In order to have more understanding about the reflectance properties over clear and sediment-influenced areas, a log-log graph of reflectance against wavelength has been plotted. Figure 2 shows the plotted for a clear water area with a high aerosol concentration (F) and turbid water with significant sediment contribution (G) on the log-log scale plot. Over clear water area, the linear regression of the reflectance of the 0.47-, 0.55-, 0.66-, 0.87-, 1.24-, 1.64-, and 2.13-µm channels against wavelength shows very high correlation, greater than 0.99. Meanwhile, over sediment-influenced area (G), there are significant increment in 0.55-, 0.66-and 0.87-µm channels. The increments in these channels decreased the correlation coefficient of the line connecting the 0.47, 0.55, 0.66, 0.87, 1.24, 1.64 and 2.13 µm, significantly. Detailed discussion on the clear water, sediment and aerosol apparent reflectance can be found in Li et al. (2003) .
Detailed observation of Fig.  2 shows that a straight line can be drawn to fit the 0.47-, 1.24-, 1.64-and 2.13-µm channels for either clear water or sediment-influenced areas. It means that the gradient of the line connecting 0.47 µm with any of these three channels (1.24, 1.64 and 2.13 µm) can be used instead of the regression line connecting all of the channels (0.47, 1.24, 1.64 and 2.13 µm). Meanwhile, over the sediment-influenced area, the gradient of the line connecting the 0.47-µm channel with any of the three channels (0.55, 0.66 and 0.87 µm) decreased gradually. So the difference in the gradient can be used as an indicator to separate sediments and clear water areas over ocean regions.
As mentioned earlier, there are three channels that are influenced by the sediments (0.55, 0.66 and 0.87 µm). In this study, the reflectance of the 0.66-µm channel is chosen to be paired with the 0.47-µm channel. The 0.66-µm channel has been chosen because the 0.55-µm channel is being influenced more by bottom effects (Li et al., 2003) . Meanwhile the 0.87-µm channel comparatively produced a lower signal from sediments. As stated before, the linear relationship of the line connecting the 0.47-, 1.24-, 1.64-and 2.13-µm channels was not influenced by the sediment and aerosol. The lines connecting these channels were fitted very well with the power law formula over sediment, clear water and aerosol contribution area. There are three channels that could be paired with the 0.47-µm channel. However, it is well known that the 1.64 µm (channel 6) of MODIS Aqua is not functional since their launch. It is because 15 out of 20 of the accompanying detectors are nonfunctional (Salomonson et al., 2006) . Furthermore, the 2.13-µm channel of Terra sensor is subject to data dropouts because of an instrument crosstalk issue (Aurin et al., 2013) . The only channel left is 1.24 µm. So in this study, the 1.24-µm channel is used to pair with the 0.47-µm channel. Figure 3 shows the difference in the gradient for the line connecting the 0.47:0.66 µm channels for the clear water and sediment-influenced areas. For the sediment-influenced area, the gradient of the line connecting the 0.47:0.66 µm channels is lower than that connecting the 0.47:1.24 µm channels. Meanwhile, over clear water areas, the gradient of the line connecting the 0.47:0.66 µm channels is almost the same with that connecting the 0.47:1.24 µm channels. So, the decrease in the gradient of the 0.47:0.66 µm lines over the sediment-influenced area is only due to the contribution of sediment reflectance.
In this study, a simple method based on the gradient difference, ∆m, for the line connecting the 0.47:0.66 µm channels (m 1 ) and the line connecting the 0.47:1.24 µm channels (m 2 ) is proposed. The algorithm is given by the following equations:
(2) (3) (4) where l 0.47 , l 0.66 , l 1.24 and r 0.47 , r 0.66 , r 1.24 are the wavelengths and apparent reflectance of the MODIS 0.47-, 0.66-, and 1.24-µm channels, respectively.
Methodology
This study was conducted as follows. First, MODIS L1 data is downloaded. The derived data was processed by using ENVI 4.5 software. The data was then converted to PCI Geomatica file for further analyses. The converted data was then masked to remove the presence of land in the image. This procedure is necessary because the intention of this study is to detect the presence of sediments over turbid water areas. This procedure was achieved by applying an NDVIlike algorithm that is very effective to discriminate land and water bodies (Levy et al., 2009) . If the NDVI value is greater than 0.1, the pixel is considered as water. A simple clouds masking technique is applied to remove the presence of clouds over the study area. Single reflectance of 0.87-µm channel (r 0.87 ) and the ratio of 0.87-µm to 0.66-µm channel (r 0.86 /r 0.65 ) are used in this study (Ackerman et al., 2010) . After the land and clouds that covered the areas have been masked, the GD algorithm is then applied. Figure 4 shows the plotted GD against the study area condition. Based on the graph, the variation of GD is depending on the water composition. Over clear water areas, the GD algorithm shows the low value. The GD value is still negative even over very high aerosol concentration area (F). However, the GD values increased drastically over the sediment-influenced areas (area G, H, I, and J). This figure shows that even no atmospheric correction is applied to the data, the sediment and clear water region can be easily differentiated. The results also shows that the GD values over sediment-influenced area are not depend on the aerosol concentration and always in positive value. Meanwhile, the GD values over clear water are always negative. In this study, pixels with GD values greater than 0 were marked as sediment-influenced pixels.
Accuracy
The accuracy of the proposed algorithm is the most important issue. In this study, the RT and T ind map is assumed as a reference map. To access the accuracy of the GD map that was developed by using MODIS Terra images, it was validated with the RT map that was developed by using the same sensor. Meanwhile, the accuracy of GD map that was developed by using MODIS Aqua image has been validated with the T ind map. The accuracy assessment is conducted as follow. First, the map for the GD, RT and T ind is generated based on their respective algorithm. In each map, the sediment influence pixel is being classified as 1, meanwhile the clear water pixel is being classified as 2. Second, the comparison map is plotted. In this step, the map is then compared according to pixels by pixels. The same pixels detected as sediment by both algorithm is classified as 11. The pixels detected as sediment by RT or T ind algorithm but detected as clear water by GD algorithm is classified as 12. The pixels detected as clear by T ind or RT but as sediment by GD are classified as 21. After that, the number of pixels in each class is then calculated. The detail notation and the colour code used for each class are given below. After the pixels were calculated, the error matrix table (Table 1) is then constructed. The numbers of pixels for each class is then placed into the table. Lastly, the commission error, omission error, user accuracy and producer accuracy are then calculated. In order to have better understanding of the calculation used in this study, Fig. 5(d) is referred. The percentage of user accuracy is calculated as the number of red pixels divided by the total number of red and green pixels. The percentage of producer accuracy is defined as the number red pixels divided by the total number of red and orange pixels. Meanwhile, the commission sediment percentage is the number of green pixels divided by the total number of red and green pixel. The omission sediment is defined as the ratio of orange pixels to the total number of red and orange pixel. Overall accuracy is the ratio of total number of red and blue pixels to the total number of blue, red, green and orange pixels. N 11 (Red) = number of same pixels detected as sediment by GD and RT or T ind . N 21 (Green) = number of sediment pixels detected by GD but as clear water by RT or T ind . N 12 (Orange) = number of pixels detected as clear water by GD but as sediment by RT or T ind . N 22 (Blue) = number of same pixels detected as clear water by GD and RT or T ind . T a b l e 1. Error matrix.
Results and discussion
The empirical algorithm mentioned above was tested over numerous MODIS datasets. This section represents the samples result of the GD algorithm, RT, T ind and also the comparison map.
Aqua Sensor Sample Images
The Figure 5(b) shows the result of the GD algorithm applied over the area. In this figure, the sediment-influenced regions that were represented by the brownish colour along the shore line are successfully mapped as shown by the yellow colour. The brownish colours that located over the river mouth were also detected successfully. There were no sediment pixels detected at the right portion of the image. The result shows that the sediment influence region is located near to the land. Figure 5(c) shows the result of T ind algorithm that applied over the same scene. The masked pixels are represented by the dark brown colour. This algorithm successfully detects the sediment pixels along the river, over the river mouth and along the coastal line. Numbers of pixels that was located at the right portion of this image is masked as sediment pixels. The comparison map of the GD and T ind algorithm is shown in Fig. 5(d) . In this map, the same pixel detected by both algorithms is represented by red colour. Most red colour pixels are located over the highly turbid water that represented by brownish colour as seen in Fig. 5(a) . Commission pixels for sediment class are represented by green colour. These pixels are mostly located along coastal line and highly turbid river bank (Fig. 5(d) ). The omission pixels represented by the orange colour are mostly located over the deeper water region. Figure 6(b) shows the result of the GD algorithm that has been applied over this area. The sediment pixels detected by this algorithm is represented by yellow colour. Uniform yellow colour can be observed in this figure. The uniform dark blue colour over the right corner of this image indicated that no sediment pixels detected over this region. The sediment pixels that are detected by the T ind algorithm are shown by the dark brown colour in Fig. 6(c) . In this figure, no sediment influence pixels are detected along the river and over the highly turbid river mouth. This is due to the saturation of the 748-nm channel that is used in the T ind algorithm (Aurin et al., 2013) . However, as compared to the GD algorithm, a significant numbers of sediment-influenced pixels are detected by this algorithm over the blue water region, as shown in Fig. 6(a) .
China East Coastal
Figure 6(d) shows the comparison map of the GD and T ind algorithm over the study area. The red colour is clearly seen near the shore line and over the river mouth. The green colour that represents the sediment pixels detected only by GD algorithm is located along the shoreline, over the river mouths and along the river. According to Fig. 6(a) , this region is sediment-dominated area, which represented by the brownish colour. Although this region appears to be highly turbid, the presence of the sediment is still detected by the GD algo-rithm. However, no data recorded by T ind over this green region. Obvious number of orange pixels is scattered over the edge of turbidity zone and the deeper water region. Over the edge of the turbidity zone, the GD shows negative values. Although this region appears turbid with greenish to bluish colour, no sediment is detected. The bluish or greenish colour could represent the phytoplankton-dominated area. Figure 7(b) shows the result of GD algorithm applied over the study area. In this image, large portion of sediment that are visible at the west side of Florida Peninsular are successfully masked. The Okeechobee Lake influenced by sediment is also successfully picked out. Figure 7(c) shows the result of the RT applied over the study area. Figure 7(d) shows the comparison of the GD and RT. Large portion of red colour that represent the same region that successfully masked by both algorithms. Fig. 8(d) is constructed. There are no significant different between these two algorithm. The green colour seen over the turbidity zone shows the excess sediment masked by the GD algorithm. Table 2 shows the result of the accuracy assessment that has been conducted in this study for Terra and Aqua imagery. The result of the accuracy assessment conducted for Aqua sensor is shown in the upper part of Table 2 . Over the Chesapeake Bay area, the user accuracy percentage for the sediment is 67.3%. The user accuracy percentage for China Sea is 67.8%. The percentage of commission error for the Aqua sensor is 32.7 and 32.2% for Chesapeake and China Sea, respectively. The higher in the commission percentage for the Chesapeake Bay is due to the numbers of pixels detected by the GD as sediment near the river bank and coastal line was classified as clear water by the T ind . Over the China Sea, the majority of commission pixels were located along the river and coastal line as indicated by the green colour. The higher percentages of commission error are due to the saturation of the 748-nm channel used in the T ind algorithm. Meanwhile, the producer accuracy for these sample images is 51.9 and 60.8%, respectively. The percentage of omission error is 48.1 and 39.2%. The lower producer accuracy and higher omission percentage for the Chesapeake Bay and China Sea are mostly due to the numbers of sediment pixels detected by the T ind algorithm that is located far from the shore line as shown by the brown colour in Figs. 5(d) and 6(d) . This area is considered as clear water in the true colour image as shown in Figs. 5(a) and 6(a). However, the GD algorithm has detected this area as clear water.
Gulf of Mexico
Accuracy
The result of the sediment accuracy assessment for the Terra images is shown in the lower part of Table 2 . The user accuracy percentage for the Florida Peninsular and Gulf of Mexico is 98.5 and 95.4%, respectively. The commission error percentage for the above mentioned images are 1.5 and 4.6%, respectively. The commission pixels are almost located along the coastal line and rivers bank. The producer accuracy percentage for the Terra images is given by 92.5 and 100.0%, respectively. Meanwhile, the omission error percentage is 7.5 and 0% respectively. Overall, the comparison between GD and RT shows better agreement as compared to GD and T ind . The GD and RT also show good agreement in the clear water detection. The user and producer accuracy percentage is higher than 95%.
The above result shows that the GD, T ind and RT algorithms agree that the sedimentinfluenced regions are located near to the coastal. The main different between GD and T ind is in the detection of sediment over deep water region. Numbers of region detected by T ind is scattered over the open water, whereas this region is represented by the blue colour in the true colour image. The other disagreement between these two algorithms is over the turbidity edge. Most of the regions classified as sediment by the T ind are shown by the bluish to greenish colour in the true colour image that could represent the phytoplankton-dominated area. Furthermore, the saturation of the 748 nm over highly turbid water could limit the ability of the T ind algorithm along the river and coastal line. However, the GD and RT algorithms are in high correlation for every scene. The ability of these two algorithms over deep water and along the coastal line is almost the same.
Conclusion
A simple algorithm using empirical technique to retrieve sediment-influenced pixels in MODIS imageries is proposed. This algorithm used MODIS land channels in the visible and NIR region. This method has been tested on carefully selected MODIS images acquired over different geographical regions. There are numbers of algorithms that have been proposed to detect and mask sediment-influenced pixels in MODIS images; however, these require more complicated computations compared to this proposed GD technique. The major contribution of the proposed GD technique is that this technique is simpler and faster than others algorithm. As an example, by using RT, the contribution from sediments at the 0.66 and 0.55 µm wavelengths are determined from the residuals/deviations from the regression line. But by using the GD technique, the contribution of sediments was determined from the difference in the gradient lines. This proposed technique just involves the calculation of the difference in gradients and application of the selected threshold. Therefore, the computation for the gradient technique is simpler and faster than using the regression technique. Furthermore, the algorithm can be applied to the raw L1B and no atmospheric correction is required. Although this proposed algorithm only used L1B product and simple empirical method, sediment, clear water and dust could be differentiate from the plot and histogram. Consistent results were obtained when this algorithm is applied over different geographical region. The ability of this new proposed method is almost equivalent with RT and T ind algorithm.
The results of the accuracy assessment indicated that the performance of the GD algorithm is comparable to that of the RT algorithm in each of the tested study areas, located in different geographical regions. Although this proposed algorithm is simpler and faster than RT, the agreement between GD and RT is higher for each case. Therefore, this new algorithm is a universal one, which can be applied to MODIS Terra data. In some cases, the area that detected as sediment influence by GD algorithm but not detected as sediment influence by others algorithm and vice versa. However, for the Aqua images, the accuracy percentage is quite low. The omission and commission percentage is quite high. The main reason for this result is the disagreement of these two algorithms to class the pixels that are located far from the coastal line. Numbers of these pixels is classed as sediment by the T ind . However, the GD algorithm classes these pixels as a clear water pixels. On the other hand, the ability of these two algorithms to detect the sediment-influenced pixels over turbid water is almost the same. As a main conclusion, the proposed GD algorithm is recommended to use as an alternative algorithm to detect the sediment-influenced pixels over turbid water area for MODIS Terra and Aqua images.
